RNA interference (RNAi) requires RNA-dependent RNA polymerases (RdRPs) in many eukaryotes, and RNAi amplification constitutes the only known function for eukaryotic RdRPs. Yet in animals, classical model organisms can elicit RNAi without possessing RdRPs, and only nematode RNAi was shown to require RdRPs. Here we show that RdRP genes are much more common in animals than previously thought, even in insects, where they had been assumed not to exist. RdRP genes were present in the ancestors of numerous clades, and they were subsequently lost at a high frequency. In order to probe the function of RdRPs in a deuterostome (the cephalochordate Branchiostoma lanceolatum), we performed high-throughput analyses of small RNAs from various Branchiostoma developmental stages. Our results show that Branchiostoma RdRPs do not appear to participate in RNAi: we did not detect any candidate small RNA population exhibiting classical siRNA length or sequence features. Our results show that RdRPs have been independently lost in dozens of animal clades, and even in a clade where they have been conserved (cephalochordates) their function in RNAi amplification is not preserved. Such a dramatic functional variability reveals an unexpected plasticity in RNA silencing pathways.
Introduction 1
Small interfering RNAs (siRNAs) play a central role in the RNA interference (RNAi) 2 response. Usually loaded on a protein of the AGO subfamily of the Argonaute family, 3 they recognize specific target RNAs by sequence complementarity and typically trigger 4 their degradation by the AGO protein [1] . In many eukaryotic species, normal siRNA predicted proteomes belong to the eukaryotic RdRP family, but 3 species (the Enoplea 192 Trichinella murrelli, the Crustacea Daphnia magna and the Mesozoa Intoshia linei ) 193 possess RdRP genes belonging to various viral RdRP families (in green, dark blue and 194 light blue on Figure 1A ), which were probably acquired by horizontal transfer from 195 viruses. Most sequenced nematode species appear to possess RdRP genes. But in 196 addition, many other animal species are equipped with eukaryotic RdRP genes, even 197 among insects (the Diptera Clunio marinus and Rhagoletis zephyria), where RdRPs 198 were believed to be absent [47, 48] . A. Proteome sequences from 538 metazoans were screened for potential RdRPs. For each clade indicated on the right edge, n is the number of species analyzed in the clade, and piecharts indicate the proportion of species possessing RdRP genes (with each RdRP family represented by one piechart, according to the color code given at the top left). B. An HMMer search identifies 6 candidate RdRPs in the predicted Branchiostoma lanceolatum proteome. Only 2 candidates have a complete RdRP domain (represented by a red bar with round ends; note that apparent domain truncations may be due to defective proteome prediction). A white star indicates that every catalytic amino acid is present. Candidate BL02069 also possesses an additional known domain, AAA 12 (in yellow).
Our observation of eukaryotic family RdRPs in numerous animal clades therefore 200 prompted us to revisit the evolutionary history of animal RdRPs: eukaryotic RdRPs 201 were probably present in the last ancestors for many animal clades (including insects, 202 mollusks, deuterostomes) and they were subsequently lost independently in most insects, 203 mollusks and deuterostomes. It has been recently shown that the last ancestor of 204 arthropods possessed an RdRP, which was subsequently lost in some lineages [47] : that 205 result appears to be generalizable to a large diversity of animal clades. The apparent 206 absence of RdRPs in some species may be due to genome incompleteness, or to defective 207 proteome prediction. Excluding species with low numbers of long predicted proteins ( Bayesian phylogenetic tree of the eukaryotic RdRP family. α, β and γ clades of eukaryotic RdRPs have been defined by [31] . Sectors highlighted in grey are detailed in panels B, C and D for clarity. Scale bar: 0.4 amino acid substitution per position. Posterior probability values are indicated for each node in panels B-D.
Experimental search for RdRP products in Branchiostoma 234
In an attempt to probe the functional conservation of RdRP-mediated RNAi 235 amplification among metazoans, we decided to search for secondary siRNAs in an 236 organism where RdRP candidates could be found, while being distantly related to 237 C. elegans. We reasoned that endogenous RNAi may act as a gene regulator during 238 development or as an anti-pathogen response. Thus siRNAs are more likely to be 239 detected if several developmental stages are probed, and if the analyzed specimens are 240 gathered in a natural ecosystem, where they are naturally challenged by pathogens. 241 From these considerations it appears that the most appropriate organism is a 242 cephalochordate species, Branchiostoma lanceolatum [49] . In good agreement with the 243 known scarcity of gene loss in that lineage [50] , cephalochordates also constitute the 244 only bilaterian clade for which both RdRP α and γ sequences can be found, thus 245 increasing the chances of observing RNAi amplification despite the diversification of 246 eukaryotic RdRPs into three groups. According to our HMMer-based search, the B. Figure 1B ). The 249 current B. lanceolatum genome assembly contains a direct 1,657 bp repeat in one of the 250 6 RdRP genes, named BL09945. This long duplication appears to be an assembly 251 artifact: we cloned and re-sequenced that locus and identified two alleles (with a 252 synonymous mutation on the 505th codon; deposited at GenBank under accession 253 numbers MH261373 and MH261374), and none of them contained the repeat. In 254 subsequent analyses, we thus used a corrected version of that locus, where the 1,657 bp 255 duplication is removed. 256 In most metazoan species, siRNAs (as well as miRNAs) bear a 5´monophosphate 257 and a 3´hydroxyl [52, 53] . The only known exceptions are "22G" secondary siRNAs in 258 nematodes (they bear a 5´triphosphate; [20] ), which may be primary polymerization 259 products by an RdRP; Ago2-loaded siRNAs and miRNA in Drosophila, which are 260 3´-methylated on their 2´oxygen after loading on Ago2 and unwinding [54, 55] ; and a 261 subset of "26G" secondary siRNAs in nematodes (those which are loaded on the 262 ERGO-1 Argonaute protein), which also bear a 2´-O-methyl on their 3´end [56] [57] [58] . 263 In order to detect small RNAs with any number of 5´phosphates, bearing either an 264 unmodified or a methylated 3´end, we prepared multiple Small RNA-Seq libraries (see 265 Figure 3A ). Total RNA was extracted from various embryonic stages: gastrula (8 hours 266 post-fertilization, hpf), early neurula (15 hpf), premouth neurula (36 hpf) and larvae 267 (60 hpf), as well as from adult male and female specimens collected from their natural 268 ecosystem. Small (18 to 30 nt long) RNAs were gel-purified, then Small RNA-Seq 269 libraries were prepared using either the standard Small RNA-Seq protocol (which 270 detects 5´monophosphorylated small RNAs, whether they bear a 3´methylation or not; 271 "Library #1"); or by oxidizing small RNAs with NaIO 4 in the presence of H 3 BO 3 prior 272 to library preparation (such treatment renders unmodified 3´RNAs non-ligatable, hence 273 undetectable by deep-sequencing; [59] ; "Library #2"); or by treating small RNAs with 274 the Terminator exonuclease (which degrades 5´monophosphorylated RNAs) then with 275 
290
S2).
291
In Libraries #1 in each developmental stage, most Branchiostoma small RNA reads 292 fall in the 18-30 nt range as expected. Other libraries tend to be heavily contaminated 293 with shorter or longer reads, and 18-30 nt reads only constitute a small fraction of the 294 sequenced RNAs (see Figure 3B for adult male libraries; see Supplementary File S1 295 section 1 for other developmental stages). miRNA loci have been annotated in two 296 other cephalochordate species, B. floridae and B. belcheri (156 pre-miRNA hairpins for 297 B. floridae and 118 for B. belcheri in miRBase v. 22). We identified the B. lanceolatum 298 orthologous loci for annotated pre-miRNA hairpins from B. floridae or B. belcheri.
299
Mapping our libraries on that database allowed us to identify candidate B. lanceolatum 300 miRNAs. These RNAs are essentially detected in our Libraries #1, implying that, like 301 in most other metazoans, B. lanceolatum miRNAs are mostly 22 nt long, they bear a 5´302 monophosphate and no 3´methylation (see Figure 3C for adult male libraries; see 303 Supplementary File S1 section 2 for other developmental stages). Among the 304 B. lanceolatum loci homologous to known B. floridae or B. belcheri pre-miRNA loci, 56 305 exhibit the classical secondary structure and small RNA coverage pattern of 306 pre-miRNAs (i.e., a stable unbranched hairpin generating mostly 21-23 nt long RNAs 307 from its arms). These 56 loci, the sequences of the miRNAs they produce, and their 308 expression profile during development, are shown in Supplementary Table S1 .
309
No evidence of RdRP-based siRNA amplification in 310 Branchiostoma.
311
In an attempt to detect siRNAs, we excluded every sense pre-miRNA-matching read 312 and searched for distinctive siRNA features in the remaining small RNA populations. loading on an Argonaute may also impose a constraint on the identity of the 5´328 nucleotide, because of a sequence preference of either the Argonaute protein or its 329 loading machinery [73] [74] [75] [76] [77] [78] .
330
The analysis of transcriptome-matching, non-pre-miRNA-matching small RNAs does 331 not indicate that such small RNAs exist in Branchiostoma (see Figure 4 for adult males, 332 and Supplementary File S1, section 3, for the complete data set). In early embryos, 5´333 monophosphorylated small RNAs exhibit the typical size distribution and sequence 334 biases of piRNA-rich samples: a heterogeneous class of 23 to 30 nt long RNAs. Most of 335 them tend to bear a 5´uridine, but 23 to 26 nt long RNAs in the sense orientation to 336 annotated transcripts tend to have an adenosine at position 10 (especially when the 337 matched transcript exhibits a long ORF; see Supplementary File S1, section 4).
338
Vertebrate and Drosophila piRNAs display very similar size profiles and sequence 339 biases [79] [80] [81] [82] [83] [84] [85] . These 23-30 nt long RNAs may thus constitute the Branchiostoma 340 piRNAs, but surprisingly, they do not appear to bear a 2´-O-methylation on their 3´341 end (see Discussion). Note that piRNAs appear to be mostly restricted to the germ line 342 and gonadal somatic cells in other model organisms. But they are so abundant in 343 piRNA-expressing cells, and so abundantly maternally deposited in fertilized eggs, that 344 they can still be readily detected in embryonic or adult whole-body small RNA 345 samples [25, [86] [87] [88] [89] [90] . It is thus not surprising to observe piRNA candidates in our 346 Branchiostoma whole-body Small RNA-Seq libraries. Size distribution and sequence logos for transcriptome-matching small RNAs in adult males. See Supplementary File S1, section 3, for the other developmental stages. A: Library #1, B: Library #2, C: Library #3, D: Library #4. Numbers of reads are expressed as parts per million (ppm) after normalization to the total number of genome-matching reads that do not match abundant non-coding RNAs. For each orientation (sense or antisense-transcriptome-matching reads), a logo analysis was performed on each size class (18 to 30 nt long RNAs). production. 360 One could imagine that transcriptome-matching siRNAs were missed in our analysis, 361 because of issues with the Branchiostoma transcriptome assembly. It is also conceivable 362 that siRNAs exist in Branchiostoma, but they do not match its genome or 363 transcriptome (they could match pathogen genomes, for example if they contribute to 364 an anti-viral immunity). We therefore analyzed other potential siRNA types: (i) 365 genome-matching reads that do not match abundant non-coding RNAs (rRNAs, tRNAs, 366 snRNAs, snoRNAs or scaRNAs); (ii) reads that match transcripts exhibiting long 367 ( 100 codons, initiating on one of the three 5´-most AUG codons) open reading frames; 368 (iii) reads that do not match the Branchiostoma genome, nor its transcriptome 369 (potential siRNAs derived from pathogens). Once again, none of these analyses revealed 370 any siRNA population in Branchiostoma (see detailed results in Supplementary File S1, 371 sections 1, 4 and 5). This is in striking contrast to Caenorhabditis elegans, where 372 antisense transcriptome-matching siRNAs (mostly 22 nt long, starting with a G) are 373 easily detectable (see Supplementary File S1, section 6, for our analysis of publicly 374 available C. elegans data; [22] ).
375
Branchiostoma RdRP activity is not clearly detected 376 Our failure to detect siRNA candidates may simply be due to the fact that they are 377 poorly abundant in the analyzed developmental stages. In order to enrich for small 378 RNA populations derived from RdRP activity, and exclude all the other types of small 379 RNAs, we considered small RNAs mapping on exon-exon junctions in the antisense 380 orientation. The antisense sequence of the splicing donor (GU) and acceptor (AG) sites 381 does not constitute a donor/acceptor pair itself, implying that any RNA antisense to a 382 spliced RNA must have originated from the action of an RdRP on the spliced RNA -it 383 cannot derive from the splicing of an RNA transcribed in the antisense orientation. 384 We therefore selected all the 18-30 nt RNA reads that map on exon-exon junctions 385 in the annotated transcriptome, and fail to map on the genome. Such reads map almost 386 exclusively in the sense orientation (see Table 1 ). When focusing on the developmental 387 stage where some transcripts exhibit the highest observed numbers of antisense 388 exon-exon junction reads (15 hpf embryos, for the transcripts of genes BL05604 and 389 BL00515), it appears that these antisense junction reads are highly homogeneous in 390 sequence (sharing the same 5´and 3´ends), they do not map perfectly on the spliced 391 transcript (with 1 mismatch in each), and their total abundance remains very small 392 (less than 10 raw reads per transcript in a given developmental stage) (see 393 Supplementary Fig. S3 ). RdRP genes themselves appear to be developmentally 394 regulated, with candidate RdRPs harboring intact active sites showing expression peaks 395 at 8 and 18 hpf (see Supplementary Fig. S4 ).
396
It is formally possible that the few antisense exon-exon junction reads that we 397 detected derive from an RNA polymerized by an RdRP. But their scarcity, as well as 398 their extreme sequence homogeneity, suggests that they rather come from other sources 399 (e.g., DNA-dependent RNA polymerization, either from a Branchiostoma genomic locus 400 or from a non-Branchiostoma contaminant) and map fortuitously on the BL05604 or In various other organisms, RNAi participates in the defence against pathogens 410 (reviewed in [91] ). Pathogen-specific siRNAs may exist in Branchiostoma, and they may 411 have been too poorly abundant to be detected in our analyses of extragenomic, 412 extratranscriptomic reads (see Supplementary File S1, section 5). We thus decided to 413 interrogate specifically the populations of small RNAs mapping on Branchiostoma 414 pathogen genomes. Several pathogenic bacteria (Staphylococcus aureus, Vibrio 415 alginolyticus and Vibrio anguillarum; [92, 93] ) have been described in various 416 Branchiostoma species. We asked whether RNAi could target those pathogens in vivo. 417 Focusing on the small RNA reads that do not map on the Branchiostoma genome or 418 transcriptome, we observed large numbers of small RNAs deriving from these three 419 bacterial genomes, indicating that the analyzed Branchiostoma specimens were in 420 contact with those pathogens (after excluding reads that map simultaneously on 2 or 3 421 of these bacterial genomes, we detected 1,457,122 S. aureus-specific reads, 113,398 422 V. alginolyticus-specific reads and 103,153 V. anguillarum-specific reads in the pooled 423 24 Small RNA-Seq libraries; for reference: there are 125,550,314 Branchiostoma 424 genome-matching reads in the pooled libraries). Small RNAs mapping on these 425 pathogenic bacterial genomes do not display any obvious size distribution or sequence 426 bias, thus suggesting that they constitute degradation products from longer bacterial 427 RNAs rather than siRNAs (see Supplementary File S1, sections 7-9).
428
Our analyzed Branchiostoma specimens may also have been challenged by total, we collected 23,557,012 such extragenomic, extratranscriptomic reads. 42,946 433 contigs at least 50 bp long could be assembled from these reads using velvet [45]. Of 434 these, 4,804 contigs could be annotated by homology search (see Table 2 ): 291 appear 435 to match the Branchiostoma genome, and the reads supporting these contigs had 436 probably failed to map properly on the genome because of sequencing errors or sequence 437 polymorphism.
438 We screened these contigs for potential Branchiostoma pathogens, which could be 439 targeted by RNAi. Detected prokaryotic, fungal or non-Branchiostoma metazoan 440 sequences may derive from symbiotic or commensal species rather than actual 441 pathogens. Our analyzed adult specimens were collected from the natural environment, 442 where unrelated organisms are expected to contaminate the samples; and our analyzed 443 embryos were produced from gametes collected in non-sterile sea water. Following 444 spawning, these gametes transit through the "atrium" (an open body cavity that 445 putatively hosts various micro-organisms): so in vitro-fertilized embryos are also likely 446 to be contaminated with non-pathogenic non-Branchiostoma species.
447
But we also observed several viral contigs, including 4 contigs from eukaryotic 448 viruses. Three of them are matched by low numbers of small RNA reads, but the last 449 one (a contig matching the Acanthocystis turfacea Chlorella virus 1 genome) is covered 450 with high read counts in various developmental stages (see Supplementary Fig. S5 ).
451
That virus is known to infect endosymbiotic algae of the protist Acanthocystis turfacea, 452 and some reports suggest that it may also infect mammalian hosts [94] , suggesting a 453 broad tropism. Though still disputed [95, 96] , this observation could suggest that 454 Branchiostoma may also be sensitive to that virus. Yet, for this potential pathogen too, 455 detected small RNA reads fail to display any size or sequence bias: they do not appear 456 to be siRNAs (see Supplementary File S1, section 10).
457
Finally, we considered the possibility that some of the 38,142 un-annotated 458 extragenomic contigs (see Table 2 ) may originate from unknown pathogens. We selected 459 the 5 contigs displaying the highest read coverage (more than 200 ppm after pooling all 460 24 Small RNA-Seq libraries): small RNAs mapping on these hypothetical unknown
Discussion

468
In cellular organisms, the only known function for RdRPs is the generation of siRNAs 469 or siRNA precursors. It is thus frequently assumed [32, 47] Supplementary Fig. S6 ), suggesting that it is functional. Further studies will be 492 required to investigate the biological activity of that putative enzyme, and to 493 understand why it does not methylate Branchiostoma piRNAs. Supplementary Fig. S4 ).
502
One could hypothesize that these RdRPs do not play any biological function. Yet at 503 least two of them, BL02069 and BL23385, possess a full-length RdRP domain with a 504 preserved catalytic site. The conservation of these two intact genes suggests that they 505 are functionally important. It can therefore be speculated that Branchiostoma RdRPs 506 play a biological role, which is unrelated to RNAi. Such a function may involve the 507 generation of double-stranded RNA (formed by the hybridization of template RNA with 508 the RdRP product), but it could also involve single-stranded RdRP products. Future 509 work will be needed to identify the biological functionality of these enzymes. We also 510 note that the fungus Aspergillus nidulans, whose genome encodes two RdRPs with a 511 conserved active site, does not require any of those for RNAi [104] .
512
Animal RdRPs thus constitute an evolutionary enigma: not only have they been 513 frequently lost independently in numerous animal lineages, but even in the clades where 514 they have been conserved, their biological function seems to be variable. While RNAi is 515 an ancient gene regulation pathway [1] , involving the deeply conserved Argonaute and 516 Dicer protein families, the role of RdRPs in RNAi appears to be accessory. Even though 517 RdRPs are strictly required for RNAi in very diverse extant clades (ranging from for Hen1 catalytic activity [103] are conserved in the Branchiostoma candidate. Amino 569 acids boxed in red were shown to be essential for Arabodipsis Hen1 activity; in orange: 570 amino acids whose absence affects Hen1 activity without abolishing it entirely. Amino 571 acid numbering is based on the Arabidopsis sequence.
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File S1. Size distribution and logo analyses of various small RNA classes.
573
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